When anuran tadpoles are treated with vitamin A after tail amputation, hindlimb-like structures can be generated instead of the lost tail part at the amputation site. This homeotic transformation was initially expected to be a key to understanding the body plan of vertebrates. Unfortunately, homeotic limb formation has been reproduced in only some Indian frog species and a European species, but not in experimental anurans such as Xenopus laevis or Rana catesbeiana. Consequently, this fascinating phenomenon has not been well analyzed, especially at the molecular level. In addition, the initial processes of ectopic limb development are also unclear because morphological changes in the early phases have not been analyzed in detail. In this study, we report the induction of homeotic transformation using Japanese brown frogs and present a detailed morphological analysis. Unexpectedly, the ectopic limbs developed not only at the ventral sites, but also at the dorsal sites of the tail regenerates of vitamin A-treated tadpoles. The relationship between position and axial orientation of ectopic limbs suggested the double duplication of positional value order along the rostral-caudal axis and the dorsalventral axis of the tail regenerates.
Introduction
Mohanty- Hejmadi et al. (1992) showed the first clear example of vertebrate homeotic transformation by treating tail-amputated tadpoles of the Indian microhylid frog Uperodon systoma with retinyl palmitate, a precursor of retinoic acid. The tadpoles formed hindlimb-like structures instead of the lost distal part on their amputated tail. Researchers into regeneration have since taken great interest in this homeotic transformation (Bryant & Gardiner 1992; Okada 1996) because it is related to the regulation of positional information in the body. This phenomenon is also of relevance to research into the biology of amphibian metamorphosis. The tadpole tail is a larval organ and disappears during metamorphosis with increasing levels of thyroid hormone (Nakajima et al. 2005) , whereas on a tail regenerate, ectopic hindlimbs remain during metamorphosis as adult organs (Mohanty-Hejmadi & Crawford 2003) . The only clear homeotic changes reported to date in vertebrates are transformation from tail to limbs and from pineal organ to an eye (Jangir et al. 2001) .
Homeotic transformation has been observed in a wide range of anuran species (Table S1a) , such as Indian frog species (Mahapatra & Mohanty-Hejmadi 1994; Das & Dutta 1996; Das & Mohanty-Hejmadi 2003) and the European frog Rana temporaria (Maden 1993) . However, it has not been found in other anurans, such as Bufo andersonii (Niazi & Saxena 1968 , 1979 , Rana pipiens, Hyla japonica, Rana japonica, Xenopus laevis, Rana catesbeiana (Maden reported, 1993) , or in urodeles such as Ambystoma mexicanum and Notophthalmus viridescens (Scadding 1987) (Table S1b) . To confirm the species-restriction, we examined whether homeotic transformation is observed in different developmental stages of tadpoles of Xenopus and the Japanese brown frog species after tail amputation and treatment with various concentrations of retinoids.
We report the induction of homeotic transformation in the Japanese species and describe the morphological characteristics of the ectopic limbs in terms of orientation and location, and consider how these findings provide new insights into the mechanisms of this phenomenon.
Materials and methods

Animals
All of the experimental animals were maintained and used in accordance with the guidelines established by Hiroshima University for the care and use of experimental animals. X. laevis was originally purchased from the local suppliers. Xenopus tropicalis was provided by the Amphibian Research Center (Hiroshima University) through the National Bio-Resource Project of MEXT, Japan. Spawn of R. japonica was collected from ponds on the campus of Hiroshima University, Higashihiroshima, Japan. Spawn of R. ornativentris was collected in Higashihiroshima, Japan. Spawn of Rana pirica and Rana tagoi, and tadpoles of Rana kobai were kindly gifted by Dr. Tsukasa Mori (Nihon University), Dr. Keisuke Nakajima (Hiroshima University), and Dr. Takeshi Igawa (Hiroshima University), respectively. Spawn and tadpoles were allowed to reach the required developmental stages in dechlorinated tap water or natural mineral water (Evian, Danone, Paris, France). Tadpoles were fed regularly with sera Micron (Serasera, Heinsberg, Germany), and kept at 24°C for Xenopus or at 18-22°C for Rana species. Xenopus and Rana tadpoles were staged according to the Normal Table of X. laevis (Nieuwkoop & Faber 1967) .
Tail amputation and retinoid treatment
Amputation at the middle of the tail was performed using a surgeon's knife on tadpoles anesthetized with 0.02% ethyl 3-aminobenzoate methanesulfonate salt (Sigma-Aldrich, St. Louis, MO, USA). In a previous study, different amputation levels (proximal, middle, and distal points) were examined with R. temporaria. Amputation at the middle point led to the most frequent emergence of tadpoles with ectopic limbs (Maden 1993) . Therefore, we chose the middle point of the tail as the amputation level in this study. Retinoid treatment started before or after tail amputation by immersing tadpoles in dechlorinated tap water containing a retinoid. The retinoids used here were retinyl palmitate (synthetic all trans-retinol palmitate; MP Biomedicals, Santa Ana, CA, USA) and TTNPB, 6, 7, 5, 8, )-1-propenyl]benzoic acid (Sigma-Aldrich). Duration of the retinoid treatment ranged from 20 min to 2 days. In many cases, retinoid treatment started immediately after tail amputation and continued for 2 days. To examine the effects of water hardness, tadpoles were immersed in natural mineral water instead of dechlorinated tap water 2 days before amputation. The retinoid treatments were performed on tadpoles kept at a population density of less than one tadpole per 50 mL water. Retinyl palmitate solutions for retinoid treatment were prepared by dissolving the powdered reagent in water. Every TTNPB-containing water for retinoid treatment contained 0.0055% dimethyl sulfoxide, which does not show toxicity to tadpoles.
Numbers, positions, and orientations of the ectopic limbs
Lateral view images of tadpoles with ectopic limbs were captured using a DP70 digital camera (Olympus, Tokyo, Japan) under an MZ FLIII stereomicroscope (Leica Microsystems, Wetzlar, Germany). Enlargements of the images were printed and the number of ectopic limbs was counted. An ectopic limb was defined as a structure with an individual knee. Two ectopic limbs that looked mirror-imaged or fused to each other above the knee were regarded as a pair of left and right limbs (Fig. 1a, b) . On the other hand, a hindlimb-like structure with one knee was counted as "one" limb even if it had a pair of distally separated feet (Fig. 1c) . As shown in Figure 1(d) , we defined the central position of the base of the ectopic limb as "P" and the proximodistal direction as "hb" for the x-axis perpendicular at the crossing point (O) to the amputation line (the y-axis) on the lateral view image. The dorsoventral boundary of the tail was defined as the line connecting the apexes of the chevron-shaped structure of the tail myomeres, and intersects with the x-and y-axes at point "O". The length of segment OP was determined as the length of the amputation-line segment between the dorsal and ventral fin bases as one relative length. The ha angle, which is formed by OP and the x-axis, also was measured. The amputation line could be recognized as a histological discontinuity between the amputation stump and the regenerate even several months after amputation. We assessed whether difference between two groups was statistically significant or not by paired Student's t-test (cf. Fig. S3 ), unpaired Student's t-test (cf. Fig. 5b ), or Fisher's exact test (the stage-dependency, stages 45-49 vs stages 50-53, of ectopic-limb induction rate (cf. Fig. 3b ), and the area-dependencies of ectopic-limb induction frequency (cf. Tables 2,3) at the P = 0.01 or 0.05 level.
Histology
Tadpoles were anesthetized and fixed in 4% formaldehyde in phosphate buffered saline for amphibians ª 2017 Japanese Society of Developmental Biologists (96 mmol/L NaCl, 5.7 mmol/L Na 2 HPO 4 , 1.9 mmol/L KCl, 1.0 mmol/L KH 2 PO 4 , pH 7.4) or stored in RNAlater (Thermo Fisher Scientific, Yokohama, Japan). Tissues were dehydrated with ethanol and xylene solutions, embedded in paraffin. Six micrometer sections were cut using a microtome. The sections were floated on water at 35-37°C, and adhered to glass microscope slides. The sections were treated with xylene and rehydrated through an ethanol series and then stained with Mayer's hemalum solution (Merck/EMD, Darmstadt, Germany) and alcoholic eosin Y-solution (Merck/EMD), or 1% alizarin red S (Sigma-Aldrich) in 3% ammonium hydroxide, pH 6.4. The sections were dehydrated through an ethanol series and xylene, mounted in Marinol (MUTO Pure Chemicals, Tokyo, Japan), and covered with a cover glass. The stained sections were analyzed using a Ni-U microscope (Nikon, Tokyo, Japan). Photographs were taken with a DS-Ri2 digital camera (Nikon).
Observation of skeletal structure
After anesthesia, tadpoles were fixed in 4% formaldehyde in phosphate-buffered saline for amphibians for approximately 1 day. They were dehydrated through The dorsoventral boundary of the tail is the horizontal plane containing the apexes of the chevron-shaped myomeres. The central position of the base of an ectopic limb (P) is determined by a relative length of the OP segment (a red arrow) to the length between the dorsal and ventral fin bases on the amputation line and by ha that is formed by the OP and the x-axis. The proximodistal direction of the ectopic limb is defined as hb that is generated by the thigh-foot line (a black arrow) of the limb and the x-axis. Scale bars = 1 mm.
ª 2017 Japanese Society of Developmental Biologists an ethanol series for at least half a day. Fat in the tissues was removed by immersion in acetone for up to 1 day. The samples were stained with 0.015% Alcian Blue 8GX (Sigma-Aldrich), and 0.005% Alizarin Red S (Waldeck GmbH & Co KG, Division Chroma, M€ unster, Germany) in 70% ethanol and 5% acetic acid at 37°C for two or 3 days. They were then partially hydrolyzed with 20% glycerin and 1% KOH for approximately 1 day until they became partially transparent. They were washed three times in 50% glycerin for several hours and stored in 80% glycerin. Photographs were taken using a digital camera DP70 (Olympus) on a MZ FLIII dissecting microscope (Leica Microsystems).
Results
Tail regeneration and homeotic limb formation were not induced in tail-amputated and retinoid-treated Xenopus tadpoles
We examined a range of experimental conditions using X. laevis tadpoles (Fig. S1 ). In total, 320 tadpoles at stages 37-55 were subjected to amputation at the middle of the tail and treated with either 1 IU/mL retinyl palmitate or 0.1-800 nmol/L TTNPB. The retinoid treatments started at various times ranging from 144 h before amputation to 64 h after amputation. When tails were amputated at stages 45-48 (the refractory period), tail regeneration was not elicited (Beck et al. 2003) . When tails were amputated before or after the refractory period and maintained without retinoid treatment, we observed normal tail regeneration apparently similar to that of the urodele (Iten & Bryant 1976) . The tadpoles formed a regeneration blastema on the amputated tail stump. The blastema grew to be a "miniature" tail several days after amputation and finally became an almost normal tail although fin regeneration was sometimes incomplete (Fig. 2a) . In contrast, tail-amputated and retinoid-treated tadpoles showed severe inhibition of tail regeneration ( Fig. 2b ) and no ectopic hindlimb formation.
Eighteen X. tropicalis tadpoles at stages 50-54 were treated with 100 nmol/L TTNPB before or after tail amputation. These tadpoles showed no evidence of ectopic limbs induction and all died within 4 weeks of the start of retinoid treatment (Fig. S1 ).
Homeotic transformation was induced in the tailamputated and retinoid-treated tadpoles of Japanese brown frogs
We amputated tails from tadpoles of the Japanese brown frog species R. japonica, R. ornativentris, R. kobai, R. tagoi, and R. pirica at stages 42-56, and treated them with 1-20 IU/mL retinyl palmitate or 0.01-300 nmol/L TTNPB. Ectopic limbs were elicited after 1 month in some R. japonica, R. ornativentris, and R. kobai tadpoles (Fig. 3) . Control tadpoles, which underwent either tail-amputation or retinoid treatment ( Fig. 3) , did not produce ectopic hindlimbs. Maden (1993) induced ectopic hindlimbs in Rana tadpoles at stage 53. Although we used Japanese Rana tadpoles at around stage 53, ectopic hindlimbs were observed infrequently. We investigated whether homeotic transformation (reviewed by Mohanty-Hejmadi & Crawford 2003) is dependent on the hardness of water: in India and Europe, tap water is generally very hard, whereas it is generally soft in Japan. We used a commercial natural mineral water as a hard water treatment (hardness: 304 mg/L) and tap water as the soft water treatment (hardness: 19-20 mg/L, determined by Senogawa drinking water treatment plant of Hiroshima Prefecture in 2014). However, the induction of ectopic hindlimbs was not increased by the hard water treatment (Fig. S2) .
The developmental stage at amputation was critical for the induction of ectopic limbs in R. ornativentris tadpoles that were treated with 3 IU/mL retinoid for 2 days after amputation. Ectopic hindlimbs were induced in 46 (23.1%) of 199 tadpoles that underwent amputation at stages 45-49, whereas none of the 49 ª 2017 Japanese Society of Developmental Biologists tadpoles treated at stages 50-53 showed ectopic limb induction (Fig. 3b) . The difference between these rates was statistically significant (P < 0.01).
Morphological and histological analyses of ectopic limbs induced in R. ornativentris
Tail-amputated tadpoles usually exhibited normal tail regeneration in the absence of retinoid treatment (Fig. 4a) . A refractory period for tail regeneration was not observed in R. ornativentris although it has been observed between stages 46 and 47 in X. laevis (Beck et al. 2003) . Tail regeneration was always inhibited in retinoid-treated tadpoles. Some tail regenerates became malformed and did not form a fully developed fin or tail trunk in R. ornativentris (Fig. 4b) .
Other tadpoles developed a considerably elongated tail trunk or well-extended fin (Fig. 4c) . Inside or adjacent to some regenerates with a deficient fin, a pinkish cell mass appeared two or more weeks after amputation (Fig. 4d) . A small bulge arose from the cell mass (Fig. 4e) . We believe that the bulge is an ectopic limb bud because it seems to develop to a limb-like structure (Fig. 4f) . Ectopic limbs emerged instead of a well-extended fin in most cases ( Fig. 4d-f ). Some ectopic limbs formed near the amputation line of well-extended fin regenerates ( Fig. 4g-j) . At stage 55 or later, ectopic limb buds grew to form left or right hindlimb-like organs usually with a set of five digits (Fig. 4k) , or mirror-imaged limbs that appeared as if they were formed by the fusion of a pair of left and right feet at the anterior side. Similar mirrorimaged limbs can be induced by local application of retinoic acid to the anterior margin of the chick limb bud because treatment of the anterior margin of the chick limb bud additionally induces an ectopic anterior ZPA, which is originally positioned only in the posterior margin (Noji et al. 1991; Wanek et al. 1991) . The ectopic limbs of the tadpoles were morphologically defined as "double posterior" type hindlimbs (Fig. 4l) . In contrast, no double anterior type limbs were found. The ectopic limbs gradually reached the morphology and size of the original hindlimbs. They consisted of the same tissues as normal limbs such as skin, muscle, and bone. However, the tadpoles could not move their ectopic limbs as previous reports maybe because these limbs are sparsely and scantily innervated (Das & Mohanty-Hejmadi 1998) . We also found two unclassifiable organs that looked like the fusion of a limb bud and a fin fold (Fig. 4m , n). One of these had a fin fold in the anterior rostral region instead of the 1st digit (Fig. 4m, o) . The other had a cartilaginous bone, but no obvious joints or muscles (Fig. 4n, p) .
In some tadpoles, a long bone resembling an ilium was observed rostrally close to the femur of the ectopic limbs. However, there was no axial skeletal element connected to these ilia in the tail stump or regenerate (Fig. 4q, r) . Deformities in the original hindlimbs did not occur in the tadpoles examined in this study although they have often been found in other anuran species (Mohanty-Hejmadi et al. 1992; Maden 1993; Mahapatra & Mohanty-Hejmadi 1994; Das & Dutta 1996; Mohanty-Hejmadi & Crawford 2003) .
Most ectopic limbs were morphologically identified as a left, right, or double posterior type hindlimb ( Table 1) . The left and right type limbs occasionally failed to form anterior digits. Left and right type limbs with five digits mostly formed a pair and were counted as paired limbs. The double posterior type limbs possessed three to 10 digits (Table 1) . These findings suggest that the paired ectopic limbs and the double posterior limb may form a series of morphological variants during limb formation and that the double posterior limbs are the result of fusion or insufficient separation of paired limbs.
Some ectopic limbs appeared to be the fusion of three or more hindlimbs or a complex of a hindlimb and a fin fold (Fig. 4m-p) ; these structures could not be categorized as a left, right, or double posterior type. No correlation was found between the limb types and their positions in the tail regenerate. Well-developed ectopic limbs contained ossified skeletons (Fig. 4q, r) , and their skin had multicellular glands and dermis consisting of stratum spongiosum and stratum compactum, as in normal hindlimbs (Fig. 4s, t) . These characteristics are expected in adult type skin, and not normally observed in tail skin (Nieuwkoop & Faber 1967) .
No vertebral skeletal elements were found in the tail stumps and regenerates (Fig. 4q, r) or in control tails. The ectopic limbs remained present even near the completion of metamorphic tail resorption. However, they often became edematous around the metamorphic climax. Blood flow was very slow in edematous limbs and erythrocytes only vibrated synchronously with heartbeat and seemed to be static. The ectopic limbs were shed in all 10 individuals at stage 66 when the tail was completely resorbed.
Distribution and orientation of ectopic limbs in tail regenerates
Analysis of the distribution and orientation patterns of ectopic limbs may be helpful for elucidating the mechanism of homeotic transformation. Tadpoles were amputated at mid-tail at stages 45-50, immediately treated with 3 IU/mL retinyl palmitate for 2 days, and ª 2017 Japanese Society of Developmental Biologists then reared without retinyl palmitate for more than 1 month to allow them to develop to stages 54-56. At these stages, ectopic limbs were analyzed to determine their precise position and orientation. Stage 54-56 tadpoles were chosen for investigation in our study because it is difficult to examine younger or older tadpoles. The ectopic limbs were too undifferentiated to categorize their morphologies in younger tadpoles (Fig. 4d, e, g, h) ; they were also too flexible to measure orientation and too large to determine precise position in older tadpoles (Fig. 4f, q, r) . The distribution and orientation patterns of the ectopic limbs are summarized in Figure 5a .
Dorsoventral and left-right (horizontal) levels
The ectopic limbs were positioned on either or both the dorsal and ventral sides of the tail regenerate (Fig 4i, j) , but not on the lateral sides. A pair of right and left limbs straddled the median line of a tail and were often slanted to the left or right side. There was a significant correlation between the presence of dorsal side ectopic limbs and ventral side ectopic limbs (P < 0.05, Table 2a ). Ectopic limbs were induced more frequently on the ventral side than on the dorsal side (P < 0.01, Table 2a ). There was a significant correlation between the presence of left side ectopic limbs
(t) (j)
ª 2017 Japanese Society of Developmental Biologists and right side ectopic limbs (P < 0.01, Table 2b ). No significant difference was found between the emergence rates on the left and right sides (Table 2b) . No significant differences were observed between digit numbers of limbs on the dorsal and ventral sides (Fig. S3a) or between digit numbers of limbs on the left and right sides (Fig. S3b) .
Rostral-caudal level
Ectopic limbs developed from a rostral part of the tail regenerate and not the tail stump. When multiple hindlimbs were found on the dorsal or ventral side of the tail regenerate, they were in a cluster. Most ectopic limbs (70/74) were located on the fin-less side of the regenerate just caudal to the amputation line ( Fig. 4d-f) . In a few cases (4/74), they protruded from a rostral part of the regenerate with the well-formed fin ( Fig. 4g-j) . In all cases, no ectopic limbs were generated far away from the amputation line. The average distance from the amputation line to ectopic limbs was much shorter than one relative length defined by the amputation-line segment between the dorsal and ventral fin bases (Figs 1d, 5b) , and the ectopic limbs were located closer to the amputation line than the middle point of the tail regenerate (P < 0.01).
Orientation
The orientation of the ectopic limbs was not random. The ventral (sole) side of the ectopic limbs usually faced the sagittal median plane of the tail. The posterior side (the side of the fifth digit) of the left type and the right type limbs (30/36) was closer than the anterior side to the tail D-V boundary, the horizontal plane containing the apexes of the chevron-shaped myomeres of a tail. The proximodistal (P-D; thigh-foot) and anteroposterior (A-P; the 1st to 5th digit) directions of the ectopic limbs were parallel to the median (sagittal) plane of the tadpole body at stage 54-56. In agreement with these results, most regular limbs (left type limbs on the left side of the tail and vice versa) were found in the caudal-ventral or rostral-dorsal zone of the limb-generating area, whereas opposite limbs (left type limbs on the right side of the tail and vice versa) were located in the rostral-ventral or caudal-dorsal zone (P < 0.01, Fig. 5c , Table 3 ). 
Discussion
Homeotic transformation can be induced in Japanese brown frogs
Homeotic transformation has been reported in five Indian frog species (Mohanty-Hejmadi et al. 1992; Maden 1993; Mahapatra & Mohanty-Hejmadi 1994; Das & Dutta 1996) and in one European frog species (Maden 1993; Maden & Corcoran 1996; M€ uller et al. 1996) . However, it has not been observed in X. laevis (Scadding 1987; Maden 1993) or other anurans (Niazi Saxena 1968 Saxena , 1979 even when tadpoles were subjected to tail-amputation and retinoid-treatment. Overall, the various reports suggest species-dependency in homeotic transformation. In this study, we tested both Japanese brown frog species and Xenopus under the same conditions, and showed that ectopic limbs could be induced in some Japanese frog species, but not in Xenopus. The failure to achieve homeotic transformation in Xenopus may be due to the toxicity of retinoids to the tadpoles, even at the lowest level concentrations used for homeotic transformation in tadpoles of other anuran species. It is known that X. laevis is much more sensitive to retinoids than other anurans (Scadding & Maden 1986 ). The activation of the downstream effector of retinoic acid signaling in an appropriate way might elicit the formation of ectopic limbs in the X. laevis tadpole tail. Our failure to induce homeotic transformation in X. tropicalis, a distant relative of X. laevis within the genus Xenopus (Bewick et al. 2012; Hedtke et al. 2013) , suggests that it is difficult to reproduce the phenomenon generally in this genus. The inability has made it difficult to explore this effect at the molecular level. Nevertheless, it should be feasible to use a non-model frog species that shows efficient induction of homeotic transformation for investigation of molecular mechanisms using recent advances in molecular biology technologies.
Origin of ectopic limbs
The origin of ectopic limbs has been little examined (M€ uller et al. 1996; Mohanty-Hejmadi & Crawford 2003) . Many of the ectopic limbs reported in the previous studies (Mohanty-Hejmadi et al. 1992; Maden 1993; Mahapatra & Mohanty-Hejmadi 1994; Das & Dutta 1996; Maden & Corcoran 1996; M€ uller et al. 1996; Das & Mohanty-Hejmadi 1998 Mohanty-Hejmadi & Crawford 2003) were too large to localize the exact sites of their origin (M€ uller et al. 1996; Das & Mohanty-Hejmadi 1999 MohantyHejmadi & Crawford 2003) . We propose that the pinkish cell mass inside or adjacent to the fin regenerate is an anlage of ectopic limb mesenchyme, because the cell mass and the covering epidermis became an ectopic limb bud as far as we could tell (Fig. 4d-j) . During development of the vertebrates, paired fins or limbs are never generated on a tail, which does not contain the lateral plate mesoderm that is the origin of mesenchymal cells of early limb buds (Johnson & Tabin 1997) . Emergence of ectopic limbs from the pinkish cell mass implies that some cell population in the tail regenerate is transformed by retinoid treatment to contribute to the formation of ectopic limbs. In the lateral fin-fold theory (Thacher 1877; Mivart 1879; Balfour 1881) , the pectoral and pelvic fins that correspond to the fore and hind limbs of the terrestrial vertebrates originate from fin folds during evolution. In most cases, ectopic limbs arose from tail regenerates with insufficient fin regeneration, which makes it tempting to speculate that fin-forming cells transform to the pinkish cell mass and the ectopic limbs develop instead of fin tissues.
Ectopic limbs are histologically adult type organs
Hindlimbs survive as adult type organs during and after metamorphosis and play an important role as locomotory appendages. Initially, the hindlimb buds are covered with larval type skin in which the dermis is a single-layered, thin, and compact connective tissue. The dermis then becomes double-layered and consists of an upper layer, the stratum compactum, and a lower one, the stratum spongiosum, during metamorphosis when skeletal ossification also occurs in limbs (Nieuwkoop & Faber 1967) . Double-layered dermis and ossified skeletons are adult type characteristics in metamorphosing tadpoles. No ossification of skeletal elements was reported in the initial description of homeotic transformation in anurans (Mohanty-Hejmadi et al. 1992) . Although skeletal structures were examined in a subsequent study by staining cartilage and bone (Mahapatra & Mohanty-Hejmadi 1994) , there was no clear description of whether the skeletons were ossified. Here, we confirmed the ossification of skeletons in ectopic limbs in a similar manner as in normal hindlimbs (Fig. 4q, r) . Dermis over the ectopic limbs was adult type as it was double-layered. These results show that ectopic limbs are totally adult type organs similar to normal hindlimbs, although a larval type organ (the tail) intervenes between the original adult type organ (the head-trunk) and the ectopic limbs. To date, no one knows the (rostral-dorsal, rostral-ventral, caudal-dorsal, and caudal-ventral zones) as shown in Figure 4( We observed that the ectopic limbs were shed after metamorphosis, as reported by Mohanty-Hejmadi & Crawford (2003) . Thus, cells in the ectopic limbs seemed to resist the increasing levels of thyroid hormone in the serum, while the cells of the tail stump were induced to undergo programmed cell death by high levels of thyroid hormone. The ectopic limbs finally became edematous in our study. This degeneration may not be due to programmed cell death, but to poor circulation, as the ectopic limbs looked healthy just before the limbs were shed, but had a slow blood flow. The tail stump between the tadpole tail and ectopic limbs became very narrow during metamorphosis, which may have caused the poor blood flow.
In contrast, prospective adult organs such as larval eyes and hindlimb buds that have been transplanted to a tail remain even after the tail regresses completely (Schwind 1933; Holder 1949) . Hindlimb buds grafted onto a tail were found to be connected to the frogs up to 14 days post-metamorphosis (Schubert 1926) .
Ectopic vertebrae are not induced in the ectopic limbs of R. ornativentris M€ uller et al. (1996) reported that ectopic vertebral elements are often induced together with ectopic limbs. These vertebrae do not appear to be secondarily elicited by the induced ectopic limbs because they are generated prior to homeotic limb formation (M€ uller et al. 1996) . Moreover, ectopic axial skeletons are not induced in tails that have been grafted with hindlimb buds (Holder 1949) . It has been proposed that ectopic limbs are generated through tail-to-trunk transformation (Bryant & Gardiner 1992; M€ uller et al. 1996) . However, ectopic vertebral elements have not been described in the previous reports on the induction of ectopic limbs in tail-amputated and retinoid-treated tadpoles (Mohanty-Hejmadi et al. 1992; Maden 1993; Mahapatra & Mohanty-Hejmadi 1994; Maden & Corcoran 1996) . We did not find such skeletons in our samples. Therefore, it is unlikely that these axial skeletons and ectopic limbs are always formed together or that ectopic vertebrae are necessary to generate ectopic limbs.
Ectopic limbs are induced on dorsal and/or ventral sides of the rostral part of regenerates
We observed that initiation of ectopic limbs occurred in the rostral part of a regenerate and that this initiation could occur on the ventral or dorsal sides. No one has reported the formation of paired fins/limbs on the dorsal side in vertebrates. Apical ectodermal ridge can be induced by dorsal application of fibroblast growth factor-7 and -10 in chick embryos; however, this does not lead to the induction of wings or hindlimbs (YoneiTamura et al. 1999) . To the best of our knowledge, our observation of ectopic limbs on the dorsal side is the first example of arms/legs being induced in this position.
Homeotic transformation in anurans has been explained as the conversion of the tail regenerate to the trunk segment. Bryant & Gardiner (1992) suggested that the generation of ectopic limbs is the result of acquisition of trunk positional values by a tail regenerate (Fig. 6a, b) . M€ uller et al. (1996) observed sacrum near the ectopic limbs, consistent with this proposal. The position and orientation of the ectopic hindlimbs on the ventral side in our study support the transformation from tail to trunk.
However, the development of the ectopic limbs was induced not only on the ventral side but also on the dorsal side of the tail regenerates. The formation of dorsal ectopic limbs cannot be explained by a simple intercalation of A-P positional values of the trunk limb field with the single D-V axis into the tail regenerate. The tail regenerates with dorsal ectopic hindlimbs may undergo a mirrored D-V duplication as well as an inverted A-P duplication. Thus, to explain our observation, we propose a new model here (Fig. 6c ) that is derived from the model of Bryant & Gardiner (1992) .
Position and orientation of ectopic limbs suggest double duplication of positional values along A-P and D-V axes in tail regenerates
The orientation pattern of ectopic limbs was not completely random but appeared to be regulated to some degree. The plane containing the A-P and P-D axes of the ectopic limbs was roughly parallel to the sagittal median plane of the body. The ventral (sole) side of the ectopic limbs faced the sagittal plane. The posterior side (the little-toe side) of left and right types of ectopic limbs was located near the horizontal D-V boundary of the tail (Fig. 1d ) compared with the anterior side (the big-toe side). This was also true of the original hindlimbs, implying a common mechanism for regulating hindlimb orientation.
The previous model of Bryant & Gardiner (1992) can be applied to the relationship between the position and the orientation of the ectopic limbs on the ventral side of tail regenerates that we observed in this study. In normal anuran tadpoles, the original paired left and right hindlimbs are set close to each other at the ª 2017 Japanese Society of Developmental Biologists rostral-most site of the ventral fin base (Fig. 6a ). In this model, the rostral and caudal limb fields appear in the tail regenerate after retinoid treatment (Fig. 6b) . The rostral field has a reverse A-P polarity compared to the tadpole body, whereas the caudal one has the same A-P polarity as the body. Therefore, the P-D direction of the ectopic limbs would be reversed in a rostralventral zone of a regenerate and normal in the caudalventral zone as shown in our results (Figs 5c, 6c) .
The induction of ectopic limbs on the dorsal side of regenerates cannot be explained solely by ectopic intercalation of A-P positional values. Paired limbs are never generated on a frog back. Positioning and orientation pattern of the ectopic limbs on the dorsal side seems to be a mirror image of the pattern on the ventral side (Fig. 6c) . This V-D-V mirror image duplication may be induced by exogenous retinoids. However, we cannot exclude the possibility that the ventral-like nature of the dorsal part is intrinsic in the tail and preexistent before retinoid administration because the dorsal side of anuran larval tails is similar morphologically and histologically to the ventral one except for the presence of the neural tube.
Our model (Fig. 6c) can explain the development of two paired limbs on the dorsal and ventral sides, that is, four paired limbs at a maximum. However, more limbs were found in some regenerates, suggesting the further induction or duplication of trunk positional values to produce limb fields. The mechanism for the formation of more than four paired limbs in a tail regenerate might be similar to the process through which the systemic administration of retinoids duplicates regenerating anuran limbs (reviewed by Maden 2002) or through which a new limb is induced on the base of a limb implanted on the tail in X. laevis (Adaniya & Nishikawa 2015). Bryant & Gardiner (1992) to explain the transformation of a tail to legs that was reported by Mohanty-Hejmadi et al. (1992) . Here, original positional values (black numerals) in a regenerate (a) are changed by retinoic acid to an inverted rostralcaudal polarity (blue numerals) through positional intercalation (b). As a result, two limb fields are newly generated between the positional values 4 and 5. (c) Schematic illustration of the left lateral view to explain our results. Note that the right half bodies including ectopic limbs are omitted in the panels. Blue arrows, an inverted rostral-to-caudal polarity. Red arrows, a mirror-duplicated dorsal-to-ventral polarity. left FL, left type forelimb. left HL, left type hindlimb. right HL, right type hindlimb.
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